National Water-Quality Assessment Program
The quality of the Nation's water resources is integrally linked to the long-term availability of water that is clean and safe for drinking and recreation and also suitable for industry, irrigation, and habitat for fish and wildlife. Recognizing the need for long-term, nationwide assessments of water resources, the U.S. Congress has appropriated funds since 1991 for the USGS to conduct the National WaterQuality Assessment (NAWQA) Program. Scientists in the NAWQA Program work with partners in government, research, and public-interest groups to assess the spatial extent of water-quality conditions, the way water quality changes with time, and the effects of human activities and natural factors on water quality. This information is useful for guiding water-management and protection strategies, research, and monitoring in different hydrologic and land-use settings across the Nation.
In 1991, NAWQA began evaluating the quality of streams, ground water, and aquatic ecosystems in more than 50 major river basins and aquifer systems across the Nation, referred to as "Study Units." As indicated on the map, timing of the assessments varies within the Program's rotational design: about one-third of all Study Units are intensively investigated for 3 to 4 years, with trends assessed every 10 years.
In 2001, the NAWQA Program entered its second decade of investigations, and an intensive reassessment of water conditions was begun to determine trends, based on 10 years of comparable monitoring data collected at many of the streams and ground-water sites. The next 10 years of study also will fill critical gaps in characterizing water-quality conditions and increase understanding of processes that control water-quality conditions, which will better establish critical links among sources of contaminants, their transport through the hydrologic system, and the potential effects of contaminants on ecological health and on the quality of drinking water.
The Delmarva Peninsula assessment is one of two special studies activated in 1999 for the purpose of piloting study techniques for use in NAWQA's second decade of investigations. Specifically, the Delmarva Peninsula assessment piloted techniques for (1) monitoring trends in ground-water quality, (2) evaluating transport of agricultural chemicals to streams, and (3) assessing the effects of agricultural chemicals from corn, soybean, and small grain production on shallow ground water and surface water. The Delmarva Peninsula assessment builds upon monitoring data that the NAWQA Program collected previously in the peninsula from 1987 through 1991, as part of pilot studies conducted before full Program implementation in 1991. These data provided a baseline characterization of pesticides, nutrients, and trace elements in ground water and at surface water during base flow.
Introduction to this Report
This report contains the major findings of a 1999-2001 assessment of water quality in ground water and streams in the Delmarva Peninsula. It is one of a series of reports by the NAWQA Program that present major findings on water resources in 51 major river basins and aquifer systems across the Nation.
In these reports, water quality is assessed at many scales-from local ground-water flow paths to regional ground-water networks and in surface water-and is discussed in terms of local, State, and regional issues. Conditions in the Delmarva Peninsula are compared to conditions found elsewhere and to selected national benchmarks, such as those for drinking-water quality and the protection of aquatic organisms.
This report is intended for individuals working with water-resource issues in Federal, State, or local agencies, universities, public-interest groups, or the private sector. The information will be useful in addressing a number of current issues, such as source-water protection, pesticide registration, human health, drinking water, hypoxia and excessive growth of algae and plants, the effects of agricultural land use on water quality, and monitoring and sampling strategies. This report also is for individuals who wish to know more about the quality of water resources in areas near where they live, and how that water quality compares to other areas across the Nation.
Other products describing water-quality conditions in the Delmarva Peninsula are available. Detailed technical information, data and analyses, methodology, models, graphs, and maps that support the findings presented in this report can be accessed from http://md.water.usgs.gov/ delmarva. Other reports in this series and data collected from other basins can be accessed from the national NAWQA Web site (http://water.usgs.gov/nawqa).
"The Delmarva NAWQA study provides us with a timely report and assessment of water-quality trends for nutrients and pesticides in our ground-water and surfacewater resources and reminds us all that much more needs to be done to protect and improve the water resources of Delaware."
Summary of Major Findings 1 Stream and River Highlights
The concentrations of nitrogen, phosphorus, and pesticides in streams and rivers of the Delmarva Peninsula reflect the predominance of agriculture and the soil and aquifer conditions that promote transport of agricultural chemicals to streams. Other sources of nutrients and pesticides include septic systems, sewage, and urban and suburban chemical applications. Ground water discharged from the surficial aquifer is a primary source of water and nitrate in streams. Pesticides and phosphorus are contributed to streams primarily in runoff during storms; soluble pesticides also move to streams through ground water. Contaminated streams and rivers affect downstream estuarine waters by contributing excessive nutrients that can lead to eutrophication (blooms of algae and other nuisance plants) and hypoxia (areas of low dissolved oxygen), resulting in fishkills and loss of other living resources. Concentrations of nitrogen, phosphorus, and herbicide compounds in stream waters of the Delmarva Peninsula are similar to those in other intensively agricultural areas of the Nation.
• Nitrate concentrations were greater than 3 mg/L (milligrams per liter as nitrogen) in about one-half of the headwater streams during base flow in the spring. Nitrate concentrations in streams generally increased with increasing agricultural intensity in upstream watersheds, particularly in areas with permeable, well-drained, and well-oxygenated sediments (p. 9).
• Phosphorus is transported to streams and rivers primarily with sediment in overland runoff during storms. Concentrations of phosphorus were typically less than 0.1 mg/L at base flow in well-drained areas but were as high as 3 or 4 mg/L at base flow in poorly drained areas (p. 11).
• Pesticides, primarily herbicides, are detectable throughout the year in streams of the peninsula, commonly occurring in mixtures of multiple compounds. At least five different compounds were detected in water from each of 23 streams sampled during base flow in the spring. Concentrations in streams generally were higher than in ground water (p. 16).
• Concentrations of herbicides are highest in the spring, after agricultural applications. Instream concentrations of individual compounds rarely exceeded concentrations known to be harmful to aquatic plants and animals, although such concentrations have not been established for many compounds (p. 16).
• The most commonly detected pesticides in streams were the herbicides used on corn, soybeans, and small grain crops, including atrazine, metolachlor, and alachlor. These also are among the most heavily used herbicides on the peninsula. Non-crop pesticides also were detected, but less frequently. These include the herbicides prometon (a weed killer used along rights-of-way) and pronamide (commonly used on ornamental shrubs) (p. 16). The Delmarva Peninsula covers about 6,000 square miles and includes most of Delaware and parts of Maryland and Virginia east of the Chesapeake Bay. Located entirely in the Coastal Plain Physiographic Province, it has a broad central upland with flat to gently rolling topography, flanked by low plains that slope toward surrounding water bodies. Two major estuaries and the Atlantic Ocean surround the peninsula.
Major influences on water quality in streams and rivers
• Agriculture in watersheds
• Ground-water discharge of nitrate and pesticides
• Overland runoff of phosphorus, sediment, and pesticides during storms
Ground-Water Highlights
The surficial aquifer that blankets the Delmarva Peninsula is particularly susceptible to contamination from human activities because soils and aquifer sediments are relatively permeable and the water table is shallow. This aquifer is an important source of drinking water, recharge to underlying confined aquifers, and base flow to streams. Nearly half of the peninsula is used for agriculture, and chemicals applied for crop production are commonly detected in ground water. Concentrations of nitrate and herbicide compounds in ground water of the Delmarva Peninsula are among the highest in the Nation. Other chemicals associated with urban and suburban land uses, including compounds from fuels and solvents, also are detectable in ground water in those areas.
• Nitrate is widespread in the surficial aquifer, including parts of the aquifer used for drinking water. Concentrations of nitrate exceeded 10 mg/L, the Federal standard for drinking water, in about one-third of 29 samples from wells in the part of the aquifer used for domestic water supply (median well depth 45 feet); the median concentration was 5.5 mg/L. In 30 samples from deeper parts of the aquifer used for public water supply in Delaware (median well depth 80 feet), concentrations were similar (median 5.2 mg/L), although concentrations exceeded 10 mg/L in only one sample (p. 6).
• Concentrations of nitrate in ground water are highest beneath areas with well-drained, permeable soils, where dissolved-oxygen concentration also is high (greater than 1 mg/L) and lowest beneath areas with poorly drained soils, where dissolved-oxygen concentration is low (less than 1 mg/L), regardless of overlying land use (p. 7-8).
• Decreases in nitrate with depth in the surficial aquifer reflect changes in nitrogen fertilizer use over time rather than losses from degradation of nitrate to other chemical forms. Deeper water is commonly older, and nitrate concentrations reflect lower historical rates of fertilizer application. Nitrate is stable in oxygenated ground water and can persist along ground-water flow paths for decades (p. 7).
• Between 1988 and 2001, nitrate concentrations increased an average of about 2 mg/L in parts of the surficial aquifer used for domestic water supply (median well depth 45 feet) but were unchanged in shallower ground water beneath agricultural areas (median well depth 22 feet) (p. 9).
• Pesticides are widespread in the surficial aquifer underlying the Delmarva Peninsula, typically at concentrations less than 1 µg/L (microgram per liter). Commonly used herbicides (metolachlor, atrazine, and alachlor and their degradates) were most frequently detected; insecticides and fungicides were rarely detected (p. 12).
• A wide variety of pesticides and their degradates were present in water from the surficial aquifer used for drinking in urban and agricultural areas. In total, 19 different compounds were detected in water from public-supply wells, and 27 different compounds were detected in water from the part of the surficial aquifer used for domestic supply (p. 13).
• Volatile organic compounds (VOCs) are common in the surficial aquifer. Measured concentrations were typically below 1 µg/L (microgram per liter), and none were higher than Federal standards for the protection of drinking water where those standards exist. VOCs were much less frequently detected in domestic wells in rural areas than in public-supply wells in more populated areas (p. 19).
Major influences on ground-water quality
• Agricultural, suburban, and urban land-use activities in well-drained areas with permeable sediments
• Sandy sediments and dissolved oxygen in the surficial aquifer, which promote the transport of nitrate and pesticides in ground water 3 Solvents, refrigerants, fumigants, and gasoline products.
--1 Includes domestic supply wells and deeper monitoring wells.
Selected Indicators of Water Quality
Proportion of samples with detected concentrations greater than or equal to health-related National guidelines for drinking water, protection of aquatic life, or the desired goal for preventing nuisance plant growth
Introduction to the Delmarva Peninsula
The Delmarva Peninsula, a primarily rural lowland along the Atlantic Coast in the Eastern United States, contains most of Delaware and parts of Maryland and Virginia ( fig. 1 ). The climate is humid and subtropical, with an average annual rainfall of 44 inches. The entire peninsula lies within the Coastal Plain Physiographic Province, which generally is a flat, seaward-sloping lowland with areas of moderate topographic relief. In 2000, about 1.1 million people lived on the peninsula; the population is increasing rapidly in the urban area south of Wilmington, Del., and near resorts along the Atlantic coastline.
Land Use
Agriculture is the dominant land use on the peninsula, covering about 48 percent of the land ( fig. 1 ). Although plant nurseries and sod and dairy farms are common in some areas, agricultural land is used primarily to grow corn and soybeans for poultry feed. More than 600 million broiler chickens were produced on the peninsula in 2000 (Delmarva Poultry Industry, Inc., 2002) . Other crops include small grains, potatoes, vegetables, and fruit. Woodlands, commonly interspersed with agricultural areas, make up about one-third of the land area. Wetlands are common in riparian and coastal zones and in inland forested areas and depressions. Only about 7 percent of the peninsula is classified as urban, primarily south of Wilmington, Del. (population of about 350,000), and in small towns. The largest cities are Dover, Del. (population of about 32,000), and Salisbury, Md.
(population of about 24,000).
Hydrogeology and Water Use
A wedge of sand, gravel, silt, clay, and shells underlies the Delmarva Peninsula. These sediments thicken from 0 ft (feet) to the north to more than 8,000 ft along the Atlantic Coast of Maryland and form an alternating series of confined aquifers and confining units, overlain by an extensive unconfined surficial aquifer ( fig. 2 ). Most public water supply comes from either the confined aquifers or relatively thick parts of the surficial aquifer. The surficial aquifer also provides water to individual homes and small public-supply systems in rural areas ( fig. 3 ). In the northern part of the peninsula, rivers of the adjacent Piedmont Physiographic Province are a major source of public and industrial water supply.
The recharge area for the surficial aquifer includes most of the land surface of the Delmarva Peninsula. Most ground-water recharge occurs during the winter and spring, when precipitation and infiltration into soils are greatest. Water in the surficial aquifer typically flows along relatively short flow paths (distances of several hundred feet to less than a few miles) toward discharge areas in streams and estuaries or moves downward as recharge to confined aquifers. Water from the surficial aquifer typically reaches discharge areas in less than 50 years (Dunkle and others, 1993) .
Streams on the peninsula generally become tidal within 10 miles of their headwaters. The largest nontidal watershed area is 113 mi 2 (square miles), although most streams drain less than 10 mi 2 . Streams on the peninsula receive most of their flow from ground-water discharge (Bachman and others, 1998) . Streamflow generally is greater in the winter and spring, when ground-water discharge is greatest and evapotranspitation is least, when compared to summer and fall. Streamflow peaks during storms, when it is augmented by overland runoff (fig. 4 ).
Ground-Water Quality
Land-use activities can contaminate shallow ground water used for drinking water. Certain chemicals that are applied to the land surface in quantities greater than crops, lawns, or golf courses can use move easily through permeable surficial soils and sediments to the water table and can contaminate shallow ground water. Other sources of ground-water contamination include leaking storage tanks, septic systems, and chemical spills. Under natural conditions (defined as those with no chemical input from human activity), water in the surficial aquifer contains chemicals derived from rainfall, soils, and aquifer sediments. Because soils and sediments in most areas of the peninsula do not dissolve easily, concentrations of chemical constituents occurring naturally in ground water are typically only slightly higher than the low concentrations in rainfall. Concentrations of chemicals from human sources commonly exceed concentrations of those that occur naturally in water in the surficial aquifer of the Delmarva Peninsula.
Crop and poultry production have widespread effects on groundwater quality. Inorganic fertilizers contain nitrogen and phosphorus that can enter the ground-water system. Poultry manure, commonly applied to fields to supply nitrogen to crops, contributes large amounts of nitrogen and phosphorus and trace amounts of arsenic, pharmaceuticals, and other chemicals used as feed amendments. Agricultural herbicides also have been frequently detected in ground water on the Delmarva Peninsula (Koterba and others, 1993; Blaier and Baxter, 2000) . Ground water is the major source of water used on the Delmarva Peninsula and the sole source used for rural domestic supply. In the most populated part of the peninsula to the north, streams that originate in the adjacent Piedmont Physiographic Province also are a source of drinking-water supply. 
Introduction
Agricultural management practices intended to reduce the transport of chemicals from inorganic fertilizer, manure, and pesticides through changes in planting methods, application practices, and chemical formulations have been implemented over the last few decades. Many of the nutrients and pesticides currently in the water of the surficial aquifer were applied several decades ago, before these improvements. The new management practices should help to reduce concentrations of nutrients and pesticides in ground water and their transport to surface water. Improvements in water quality may not be apparent for years or even decades, however, because of the slow movement of chemicals through the ground-water system.
Urban activities also may affect shallow ground-water quality. Individual household and community septic systems potentially discharge nutrients, bacteria, household chemicals, and pharmaceuticals to the surficial aquifer. Local concerns also include chemical spills, leaking fuel-storage tanks, and use of fertilizers and pesticides on lawns, golf courses, and along roadways.
Surface-Water Quality
Streams contain chemicals from ground water and overland runoff. Ground-water discharge is a primary source of nitrate in surface water and also is a source of low concentrations of pesticides (Bachman and others, 1998; Shedlock and others, 1999) . Nitrogen, phosphorus, pesticides, and other chemicals also are transported directly to surface water through overland runoff and in effluent from sewage-treatment plants and industrial discharges.
Hydrologic conditions can affect surface-water quality. Water quality in streams and rivers varies in response to changes in hydrologic conditions that are affected by weather patterns; therefore, information on precipitation and streamflow is important for assessing water quality ( fig. 4) . When precipitation and runoff are below average, concentrations of chemicals in streams are due primarily to the discharge of ground water to the streams; concentrations of constituents that attach to soil . Streamflow varies seasonally on the Delmarva Peninsula, the highest flows typically occurring in the winter and spring when the water table is high and shallow ground-water discharge to streams is greatest. Lowest flows typically occur in the summer and fall, when the water table is lower and there is more evapotranspiration. Streamflow is augmented by overland runoff during storms. During the study period, streamflow was generally at or below normal through 1999 and at or above normal during 2000 and 2001. particles and streambed sediments, such as phosphorus and selected organic contaminants and trace elements, are lower than average. During high flows caused by runoff, however, when sediment transport is greatest, concentrations of chemicals that attach to sediment particles are higher than average. High flows caused by runoff also can dilute the concentrations of chemicals from ground water and effluent discharges.
Degraded water quality in streams can affect estuaries that are important for recreation and the local economy. Excessive nitrogen and phosphorus in streams and estuaries can cause accelerated growth of aquatic plants and algae that block sunlight from the water column, a process called eutrophication. Eutrophic conditions contribute to the loss of submerged vegetation, which is needed to provide habitat for ecologically and economically important species and to produce dissolved oxygen in the water column. The excessive algae and plant material subsequently decay, reducing dissolved oxygen needed by fish and other aquatic life; fishkills are not uncommon during eutrophic conditions. In addition to excessive nutrients and eutrophication, pesticides and other organic contaminants from industrial sources and fuels also are of concern because of their potential toxic effects on aquatic biota (Phillips and Caughron, 1997) .
The peninsula provides important habitat for wildlife and supports large populations of migratory birds. 
Major Findings Nutrients in Ground Water and Streams
The primary sources of nutrients on the Delmarva Peninsula are inorganic fertilizer and manure (accounting for more than 95 percent), although other sources may be substantial in certain areas ( fig. 5) . Atmospheric deposition contributes an additional 4 percent. Estimated nitrogen contributions from the atmosphere to the peninsula were 15 million pounds in 1997, for example (National Atmospheric Deposition Program, 2003a,b) . Atmospheric deposition may be a particularly important source of nutrients for plant growth in forested areas, where other nutrient sources are limited. Septic systems also contribute nutrients to ground water; previous studies on the peninsula, however, have found that septic systems generally contribute lower concentrations of nitrate to shallow ground water than do agricultural sources (Denver, 1989; Hamilton and others, 1993) . Sewagetreatment plants also are nutrient sources for streams, but most treatment-plant discharges are to tidal waters surrounding the peninsula.
Nitrogen inputs from inorganic fertilizer have increased considerably over the past several decades, whereas the input of phosphorus has decreased. Nutrient inputs from manure, primarily poultry, also have recently decreased, although they still contribute substantially to total nutrient input ( fig. 6 ).
Nitrate is widespread in the surficial aquifer, including deeper parts used for drinking water
Concentrations of nitrate are typically above the natural background level of 0.4 mg/L (Hamilton and others, 1993) in shallow ground water (about 20 to 25 ft below land surface) beneath farmland. (Although laboratory results were reported as "nitrite plus nitrate," concentrations of nitrite generally were negligible; therefore, these results are reported as "nitrate" [as nitrogen] in this report.) Specifically, the median concentration of nitrate in samples from 29 wells in agricultural areas was 5.4 mg/L, and the maximum was 37 mg/L ( fig. 7) . Water in about one-third of the wells exceeded the Primary Maximum Contaminant Level of 10 mg/L (U.S. Environmental Protection Agency, 2002b). Nitrate at concentrations greater than 10 mg/L may cause methemoglobinemia, a life-threatening illness in infants. Shallow ground water beneath farmlands is not commonly used for drinking-water supply; however, contaminated shallow ground water can move downward into the surficial aquifer over time and affect the quality of deeper ground water that is used for drinking. Elevated concentrations of nitrate in deeper parts of the surficial aquifer indicate that such movement does occur; the distribution of nitrate in the part of the aquifer used for domestic supply in rural areas (median well depth 45 ft) is similar to that in the shallow ground water beneath farmland. Specifically, median nitrate concentration in the surficial aquifer typically used for domestic supply in rural areas (as indicated by data from 29 wells, 16 of which were monitoring wells and 13 of which were domestic wells) was 5.5 mg/L, and the maximum was 27 mg/L. Concentrations of nitrate in one-third of the domestic-well samples exceeded 10 mg/L. The median nitrate concentration in 30 public-supply wells in Delaware, located closer to urban areas and generally deeper than rural domestic Elevated concentrations of nitrate in water from the surficial aquifer used for domestic supply are of particular concern because many homeowners are not aware of possible risks. Unlike public-supply wells, domestic wells are not monitored regularly. In addition, many homeowners in recently established residential areas that rely on domestic wells are not aware that chemicals leached from previous agricultural or other activities can remain in shallow ground water for decades.
Median concentrations of nitrate are generally highest in water from the surficial aquifer where dissolvedoxygen concentrations are greater than 1 mg/L ( fig. 7 ). Nitrate is stable in the presence of dissolved oxygen. Dissolved oxygen typically is present in ground water in areas with well-drained soils and well-aerated aquifer sediments (known as "oxidizing conditions"), which are common in the central upland area of the peninsula where much of the land is agricultural. In areas with poorly drained and organic-rich soils, such as along coastal lowlands and interior wetlands, dissolved-oxygen concentrations are low or zero in the soil zone and underlying aquifer (known as "reducing conditions"). In these areas, dissolved nitrate is converted to nitrogen gas (is denitrified) by bacteria that use nitrate to obtain energy for growth, so that ammonia and organic nitrogen are the most common forms of nitrogen in the ground water.
Although most poorly drained areas on the peninsula are forested, some are used for agriculture, such as parts of southern Delaware and adjacent Maryland. Farmers excavate ditches to lower the water table and drain land that would otherwise be too wet to farm. Nitrate concentrations are typically lower in ground water underlying these areas-because of the reducing conditions-than in areas with adequate natural drainage (Hamilton and others, 1993) .
Concentrations of nitrate are lowest in the deepest parts of the surficial aquifer, such as in areas used for public supply in Delaware (fig. 7, fig. 8 ). Water pumped from the publicsupply wells generally reached the aquifer more than 15 years ago (median recharge date 1985), when fertilizer applications were smaller. In addition, large-yield public-supply wells can draw water from large areas, which may include less agricultural land and more areas associated with lower nitrogen sources such as forests, wetlands, and urban areas. Nitrate concentrations in shallow, near-surface ground water in agricultural areas (within 30 ft of the land surface) generally reflect more recent activities on the land (median recharge date 1994).
Nitrate concentrations increase in shallow, near-surface ground water with increasing amounts of overlying agriculture. Nitrate concentrations in shallow, near-surface ground water are affected by nearby land use when underlying aquifer sediments are oxygenated. Where dissolved oxygen is low or absent, nitrate is generally low or absent in underlying ground water, regardless of overlying land use ( fig. 9 ). Extremely high nitrate concentrations in some samples may be related to local point sources, such as manure piles, rather than regional land use.
Nitrate concentrations can vary horizontally and vertically because of ground-water flow paths and land use in recharge areas. Water infiltrating through soils and recharging the surficial aquifer carries chemicals from the land surface in the area where the recharge originates ( fig. 10 ). Over time, these chemicals are carried along ground-water flow paths to deeper parts of the ground-water system and eventually discharge to streams. fig. 11 ). In oxygenated shallow ground water underlying agricultural areas (median well depth 22 ft), however, the median nitrate concentration in ground water did not change significantly, remaining below 10 mg/L.
Agricultural management practices have been implemented over the last few decades to decrease the movement of nutrients to ground water and streams-the success of which may help explain stable concentrations in the shallow, near-surface ground water. Such improvements may not be apparent for years or even decades in deeper parts of the surficial aquifer because of the relatively slow movement of ground water. In poorly oxygenated areas, nitrate concentrations were consistently low in both the shallow and deep parts of the aquifer.
Concentrations of other nutrient species are generally lower than concentrations of nitrate in Delmarva Peninsula ground water. Concentrations of dissolved phosphorus in ground water of the surficial aquifer rarely exceeded 0.1 mg/L (see Appendix, 6 ). This finding is, in large part, explained by the chemical properties and mobility of phosphorus. Specifically, phosphorus readily attaches to soil particles under oxidizing conditions; it does not dissolve and move readily to the ground-water system. Ground water is therefore typically not vulnerable to contamination by phosphorus. Under reducing conditions (where dissolved oxygen is absent), however, phosphorus does dissolve more readily and is present in shallow ground water at concentrations greater than 0.1 mg/L. Concentrations of ammonia and organic nitrogen also are relatively low (less than 1 mg/L) in the surficial aquifer because these forms of nitrogen are readily converted to nitrate in well-drained and oxygenated soils. Ammonia and organic nitrogen are more prevalent in ground water under reducing conditions.
Nutrient concentrations in streams reflect human sources
Throughout the Delmarva Peninsula, nitrate concentrations in streams were elevated above 0.6 mg/L, the estimated concentrations of nitrate from natural sources and atmospheric deposition in streams of the Northeastern United States (Clark and others, 2000) . Nearly all (94 percent) of the headwater streams on the peninsula contained nitrate concentrations greater than 0.6 mg/L during base flow in the spring. About half contained more than 3 mg/L. (See "Study Unit Design," p. 22-23, for more information on the design of the headwater stream network.) Nitrate concentrations in large agricultural streams on the Delmarva Peninsula also were often greater than those that might be expected from natural sources (Ator and others, in press) . (See p. 10.) Nitrate concentrations in streams of the peninsula reflect the influence of agriculture and other human sources. Although nitrate may be derived from various sources, concentrations in headwater streams on the Delmarva Peninsula generally increase with increasing proportions of agriculture in contributing watersheds ( fig. 12 ). Concentrations typically are highest in areas with permeable, well-drained soils, aquifer, and streambed sediments. Areas with poorly drained soils often contain organic-rich sediments and other conditions that promote denitrification, which can reduce the concentrations of nitrate entering streams. Water in streams from some watersheds with predominantly poorly drained soils, however, still has elevated concentrations of nitrate because of interspersion of land-use and soildrainage characteristics in the watershed ( fig. 12) .
Nitrate concentrations were similar in streams and ground water because ground-water discharge to streams is substantial. Ground-water discharge is estimated to constitute more than one-half of the flow to most streams on the Delmarva Peninsula (Bachman and others, 1998) . As a result, the median concentration of nitrate in streams during base flow in the spring was similar to that in ground water ( fig. 13 ). Some nitrate in ground water can be lost through chemical transformations (denitrification) as it passes through the riparian zone and the streambed into surface water, and aquatic plants and algae in the stream may use nitrogen and phosphorus compounds for growth (biotic uptake). Streambed sediments on the Delmarva Peninsula, however, are commonly sandy with low organic-matter content so that denitrification does not significantly decrease the nitrate content in ground-water discharge in many areas (Böhlke and Denver, 1995; Speiran, 1996) . Most of the nitrogen reaching Delmarva Peninsula streams is transported through ground water in the form of nitrate. Nitrate concentrations in water from the surficial aquifer in agricultural areas of the peninsula typically exceed 5 mg/L and are among the highest (top 30 percent) measured in ground water underlying agricultural areas of the Nation. Nitrate travels relatively unaltered through sandy, oxygenated streambed sediments into streams in many parts of the Delmarva Peninsula. Phosphorus concentrations in these streams (particularly the Pocomoke River) were similarly elevated (top 40 percent) relative to streams in other parts of the Nation. Phosphorus concentrations are generally lower in ground water than in surface water because the major source of phosphorus is overland flow from agricultural fields.
The relatively high nutrient concentrations in streams and ground water of the peninsula result from intensive application of fertilizers (including manure) in agricultural areas as well as from hydrogeologic and soil conditions. Estimated nitrogen and phosphorus inputs to the peninsula from commercial fertilizer, manure, and atmospheric deposition are comparable to those in the Midwest, the Central Valley of California, and other areas of intensive agriculture. When not used by crops or other terrestrial plants, these nutrients are effectively transported with little transformation or other losses through the typically permeable soils to shallow ground water and streams. Excessive nutrients can make water unfit for human consumption and can cause eutrophication and other ecological problems in streams and estuaries. Ammonia and organic nitrogen were higher in surface water than in ground water ( fig. 13) . Specifically, the median concentration of ammonia plus organic nitrogen in ground water was about 0.1 mg/L, whereas the median concentration in streams was about 0.5 mg/L. Ammonia and organic nitrogen are produced in streams from the decay of leaves and other natural debris, resulting in generally higher concentrations of these chemicals in stream water than in ground water.
Phosphorus is generally present at low concentrations in most Delmarva Pennsula streams and typically increases during storms. Concentrations of phosphorus in Delmarva streams during base flow were typically less than 0.1 mg/L, the recommended level to prevent excessive plant growth in freshwater streams (U.S. Environmental Protection Agency, 1986). Concentrations were as high as 3 or 4 mg/L, however, during base flow in some streams in poorly drained areas with abundant organic matter and low dissolved-oxygen concentrations.
Concentrations of phosphorus generally increase during storm runoff and may exceed 1 mg/L in streams throughout the peninsula. For example, concentrations of sediment and total phosphorous increased with increasing streamflow at Chesterville Branch from storm runoff; concentrations of nitrate and other compounds that are carried primarily through ground water decreased because of dilution by storm runoff ( fig. 14) (Ator and others, in press ). Figure 13 . Although ground water from the surficial aquifer is the primary source of water to small streams during base flow, concentrations of nitrogen species often differ in surficial ground water and small streams during such conditions. Nitrate concentrations were typically higher in ground water (represented by water from the part of the surficial aquifer used for domestic drinking-water supplies), whereas concentrations of ammonia plus organic nitrogen, which are less soluble forms of nitrogen, were typically higher in streams. fig. 15 ). This seasonality can be explained by hydrologic conditions and biologic uptake. Specifically, during winter and spring, the water table is highest, and shallow ground water containing nitrate contributes a larger proportion of base flow. In addition, biotic uptake of nitrate is relatively low because of cool temperatures. As a result, concentrations of nitrate in stream water are high ( fig. 15 ). Lower nitrate concentrations in the Pocomoke River during the dry season (summer and fall) most likely reflect a greater proportion of flow from the underlying confined aquifer, which contains no nitrate. In addition, biotic uptake of nitrate is at its peak in the warmer, drier summer months.
Base-flow nitrate concentrations are expected to increase in Delmarva streams and downstream estuaries in the coming years. As water with elevated concentrations of nitrate currently in the surficial aquifer upgradient from surface-water discharge areas is transported to streams ( fig. 10 ), an increase in nitrate concentrations in stream base flow-and therefore in the total load of nitrate reaching downstream estuaries-is likely. Increased biotic uptake may partially mitigate nitrate concentrations in some streams, although the increased plant growth may contribute to eutrophication or other ecological problems. 
Pesticides in Ground Water and Streams
Approximately 3.8 million pounds of pesticides was applied in 1997 on the Delmarva Peninsula solely for agricultural purposes, mostly on corn (1.6 million pounds) and soybeans (997,000 pounds) (Gail Thelin, U.S. Geological Survey, written commun., 2002). Metolachlor, atrazine, glyphosate, alachlor, and simazine were the most widely used herbicide compounds in 1997, the last year for which summary data are currently available ( fig. 16, table 1 ). Only 28 percent of the total agricultural pesticide applications on the peninsula are insecticides, fungicides, or other nonherbicides ( fig. 16 ). Most of this use is of methyl bromide, a soil fumigant applied to tomatoes and strawberries in the Virginia part of the peninsula (Gail Thelin, written commun., 2002). Although it is applied in only a limited area, methyl bromide is applied at much higher rates than other commonly used pesticide compounds.
Pesticides also are applied annually for residential, transportation, industrial, public health, or other nonagricultural purposes. About one-fourth of pesticide applications nationally are for nonagricultural purposes (Aspelin and Grube, 1999) .
Herbicides are frequently detected in the surficial aquifer
Pesticides are present at low concentrations in water from the surficial aquifer throughout the Delmarva Peninsula ( fig. 17 ). Concentrations of individual compounds detected by NAWQA were typically less than 1 µg/L and were always below current Federal drinking-water standards and health advisories (U.S. Environmental Protection Agency, 2002a); however, standards or advisories are available for only 42 of the 119 pesticides analyzed for in this study.
Pesticides are widespread in shallow ground water underlying agricultural areas. Pesticides were detected in water samples from 25 of 29 shallow wells (median depth 22 ft) in agricultural areas. Twenty different pesticide compounds, mostly herbicides used on crops, were detected. Metolachlor and atrazine, which have been widely used since the 1970s, were the most commonly detected herbicides. Flumetsulam, imazaquin, imazethapyr, and glyphosate, which have increased in use in the last 10 years, also were detected, but less frequently. Less than 20 percent of samples contained detectable prometon or bromocil, which are applied to brush along roadways. Insecticides and fungicides used on crops also were detected less frequently.
Pesticides also are common in ground water used for domestic supply (median well depth 45 ft). Types of compounds were similar to those in shallow ground water in agricultural areas ( fig. 17 ). Metolachlor and atrazine were the most widely detected compounds. Twelve other herbicides also were detected, including the more recently used pesticides flumetsulam, imazaquin, glyphosate, and imazethapyr. Fungicides used on crops and insecticides generally used for controlling insects around buildings were less frequently detected.
Pesticides also are present in the deeper part of the surficial aquifer used for public supply. Samples from the majority (27 of 30) of sampled public-supply wells completed in the surficial aquifer in Delaware (median depth 80 ft) contained detectable pesticides. (These samples were collected before any treatment and therefore may not represent the quality of tap water.) Thirteen different pesticides were detected. The suite of pesticides detected in the public-supply wells reflects a combination of agricultural and urban land use in aquifer recharge areas, as well as historical application rates. Although the most commonly used agricultural chemicals, metolachlor and atrazine, were the most frequently detected in water from public-supply wells, chemicals more frequently used in urban areas also were detected ( fig. 17 ). These include chemicals used for weed control along roads, such as prometon and tebuthiuron, and those used historically for insect control around buildings, such as dieldrin and lindane. The other crop pesticides detected include the herbicides alachlor and simazine and the insecticide carbofuran. Samples from the public-supply wells were not analyzed for some of the more recently used pesticides, including flumetsulam, imazaquin, imazethapyr, and glyphosate.
Mixtures of pesticides and pesticide degradates typically are present in the surficial aquifer. Shallow ground water in agricultural areas and in parts of the aquifer used for domestic supply commonly contain mixtures of metolachlor, alachlor, atrazine, and their degradates, often in combination with other less frequently detected herbicide or insecticide compounds. More than 85 percent of water samples (67 of 78) with detectable pesticides or degradates contained three or more different compounds ( fig. 18) . Most of the chemical mixtures reflected agricultural uses. Water from public-supply wells contained similar mixtures of the most widely used crop herbicides as well as some herbicides and insecticides more commonly used in urban areas. Samples from many of the public-supply wells contained a greater total number of pesticides or pesticide degradates than the shallow agricultural and domestic wells sampled; one sample contained 15 different compounds. The potential additive or synergistic effects of low levels of multiple compounds on human health or aquatic life are unknown. Current experience and research on the environmental and toxicological effects of pesticides is usually based on exposure to individual compounds.
Degradates of some herbicides typically are present at higher concentrations than their parent compounds in the surficial aquifer. For example, median concentrations of the degradates alachlor ESA (ethanesulfonic acid) and metolachlor ESA Figure 17 . Although metolachlor and atrazine and their degradates are the most frequently detected compounds in ground water, pesticides associated with urban land use are more frequently detected in water from deeper parts of the aquifer in public-supply wells than in shallower parts of the surficial aquifer. Pesticides typically are detected more frequently in surface water than in ground water. Corn, soybeans 134 Alachlor generally are greater than 0.1 µg/L, whereas median concentrations of their parent compounds, alachlor and metolachlor, are about 10 times less (about 0.01 µg/L) ( fig. 19 ). These two compounds are typical of most applied pesticides, only a low percentage of which reaches ground water because of adsorption onto organic matter and microbial degradation of the parent compound in the soil zone (Helling and Gish, 1986; Capel and others, 2001 ). In contrast, concentrations of atrazine and its degradation product, deethylatrazine, commonly occur at similar concentrations in ground water. This finding can be explained, in part, by the chemical properties of atrazine. Specifically, a combination of relatively high mobility and chemical stability in the soil zone allows atrazine to move to, and persist in, the ground-water flow system longer than metolachlor and alachlor, which have lower persistence in the soil zone and tend to break down more completely to degradates before reaching the ground-water system. Little is known about the occurrence of many other pesticide breakdown products, and even less is known about their effects on human health and aquatic life. There are no Federal standards or guidelines for these pesticide degradates.
Pesticides vary in the surficial aquifer because of land use, changes in pesticide usage over time, and physical and chemical properties that control their movement to ground water. The occurrence and concentrations of agricultural pesticides in the surficial aquifer are controlled by several factors. First, pesticide occurrence in shallow ground water varies with land use; concentrations detected in a well generally increase as the percentage of agricultural land use within 500 meters Three or more compounds were detected in more than 85 percent of the wells sampled. Figure 19 . Degradates of metolachlor and alachlor frequently were present in water from the surficial aquifer at higher concentrations than the parent compounds; concentrations of atrazine and its degradate, deethylatrazine, are similar.
What is a pesticide degradate?
Pesticides released into the environment break down into intermediate compounds, called degradates, and over time into simple molecules like carbon dioxide and water. The breakdown of pesticides occurs both through abiotic and biotic processes. Abiotic processes involve photochemical or chemical transformations that require sunlight or naturally occurring chemicals in soil and water. Biotic processes involve transformations by animals, plants, and microbes. Breakdown occurs primarily in the soil, but it also can occur in plants and in ground water and streams. Modification of a side carbon chain (such as in atrazine degradation) or the replacement of the halogen (chlorine) with a sulfonic acid or carboxylic acid (such as in acetochlor, alachlor, or metolachlor degradation) is commonly the first step in the breakdown of these herbicides. This first step represents only a small molecular change; however, this change may affect the toxicity, mobility, and persistence of the resulting compound compared to its parent compound.
Degradates may be short-lived in the environment or persist for years. Some may be retained in the soil, whereas others may move easily with water through the ground and to streams. A wide variety of degradates can form from a single parent compound. For example, the most widely used pesticide on the Delmarva Peninsula, metolachlor, has two commonly detected degradates, metolachlor ethanesulfonic acid (ESA) and metolachlor oxanilic acid (OA). Other common pesticides, such as atrazine, have as many as four major degradates, including the most common one, deethylatrazine; and there are many more for which analytical techniques have not been developed. fig. 20) . Second, types of pesticides found in the surficial aquifer strongly reflect chemical use. For example, commonly used metolachlor, alachlor, atrazine, and their degradates were the most frequently detected compounds in this study, although newer crop herbicides such as flumetsulam, imazaquin, and imazethapyr also were present in shallower parts of the aquifer where recharge has been recent (typically since the early 1990s) ( fig. 17) . Acetochlor was not detected in ground water on the peninsula, possibly because it has been used only since 1994. Historically used pesticides, such as carbofuran, were more frequently found in deeper and older ground water (recharged around 1985), such as that collected from public-supply wells, than in shallower, near-surface ground water recharged since 1994. Third, the frequency of detection and concentrations of selected pesticides are controlled by chemical and physical properties. For example, concentrations of herbicides and their degradates are higher in oxygen-rich environments, where soils are well drained and permeable with low organic-matter content, than in poorly drained areas with typically higher concentrations of organic matter, lower concentrations of dissolved oxygen, and a greater potential for microbial degradation in the soil zone. Glyphosate, the third most commonly used herbicide in 1997, was seldom detected, probably because it is strongly adsorbed onto soil particles.
Herbicides and their degradates have persisted in the surficial aquifer for more than 30 years ( fig. 21) . Data collected along a ground-water flow path at an agricultural study area in Fairmount, Del., show atrazine, metolachlor, and their degradates in water that recharged the aquifer as early as the mid-1960s. Degradates of both herbicides persist in the aquifer at higher concentrations than do their parent compounds. As discussed previously, most metolachlor degradation occurs in the soil zone. Although atrazine also breaks down in the soil zone, a decrease in atrazine and a corresponding increase in deethylatrazine over time implies continued degradation of atrazine as water moves through the ground-water system.
Herbicide concentrations in water from the surficial aquifer used for domestic supply have changed little over the past decade, and remain low. Although metolachlor and atrazine were detected more frequently in ground water in 2001 than in 1988 or 1990, this likely is due more to the current availability of sensitive laboratory techniques for analyzing water samples rather than to any apparent increase in concentrations within the aquifer. Twenty-three of the 29 wells sampled in 2001 to represent the groundwater resource used for domestic supply also were sampled in either 1988 or 1990 . Only one of these 23 samples contained detectable (greater than 0.007 µg/L) atrazine in 1988, and none contained detectable (greater than 0.018 µg/L) metolachlor (Koterba and others, 1993 (Koterba and others, 1993) . In 2001, samples from nearly one-half (7) of these 15 wells contained detectable metolachlor, although (as in 1988 and 1990) 
Pesticides are commonly detected in streams
Pesticides and their degradates are more frequently detected and generally at higher concentrations in streams than in water from the surficial aquifer (fig. 22, fig. 17 ). Of the 55 pesticides for which both stream and ground-water samples were analyzed, 33 were detected in streams and only 20 in ground water. Metolachlor and atrazine and their degradates were the most frequently detected in streams during spring base flow ( fig. 17 ). Acetochlor and its degradates, which were seldom detected in ground water, also were detected more commonly in streams. Prometon and simazine, which are used for weed control along roads and other rights-of-way, also were more frequently detected in surface water.
Concentrations of pesticides and degradates were typically higher in streams during base flow than in ground water-sometimes by as much as 10 times, as indicated by the commonly used herbicides metolachlor and atrazine ( fig. 22 ). Greater concentrations of pesticide compounds in streams than in ground water may be due to transport along short, shallow flow paths that do not allow much time for chemical changes. Also, pesticides are contributed as they are desorbed from sediments that were transported to streams during storms.
Concentrations of individual pesticides in streams rarely exceeded levels that are known to be harmful to aquatic plants and animals, although such levels are known for only 40 percent of the compounds analyzed for in this study. Also, largely unknown are the ecological effects of pesticide degradates or of mixtures of compounds.
Most pesticides detected in surface water on the Delmarva Peninsula are herbicides applied primarily for corn and soybean production, such as atrazine, metolachlor, and alachlor. The occurrence of other pesticide compounds in certain streams, however, reflects varying influences of other types of land uses. For example, the high frequency of detection of prometon, a herbicide used primarily along roads and other rights-of-way, during spring base flow indicates that non-crop sources of pesticides also may be important on the peninsula. In addition, the frequent detection of the herbicide pronamide, which is commonly used on ornamental shrubs, as well as the insecticides chlorpyrifos, carbofuran, diazinon, and carbaryl at Chesterville Branch (see Appendix, , suggests that applications to nursery plants may be affecting stream chemistry in some areas (Ator and others, in press ).
Mixtures of pesticides are common in headwater streams. At least five pesticides or degradates were detected in each headwater stream sampled during spring base flow ( fig. 23) . The most common combination of pesticides detected was metolachlor, alachlor, atrazine, and their degradates, along with prometon and simazine. Many other herbicide and insecticide compounds were detected less frequently. The number of pesticide compounds in streams generally increases with increasing percentage of agriculture in contributing watersheds. In some watersheds, however, urban land use also contributes many different pesticides, and in one such watershed 17 different pesticide compounds were detected (see data point at upper left in fig. 23 ). Concentrations of herbicides are generally highest during the spring and early summer, soon after periods of application. Herbicides are detectable throughout the year in streams in agricultural areas of the peninsula, in large part because of relatively continuous contributions from ground water (Shedlock and others, 1999) . However, streams also receive pesticides in runoff from the land surface. Concentrations vary seasonally because pesticidecarrying runoff is most frequent and greatest in the spring when herbicides are applied, resulting in seasonally elevated pesticide concentrations. For example, in the northern Delmarva Peninsula at Chesterville Branch during the 1999-2001 sampling period, concentrations of metolachlor and atrazine, which are applied just before planting, peaked from March through May during the beginning of the growing season ( fig. 24 ) (Ator and others, in press).
(particularly degradates) also move through the surficial aquifer in these areas, however, particularly where soils and shallow sediments are sandy.
The discharge of pesticides (which is the amount being transported in a stream per unit time) increases as streamflow increases. At Chesterville Branch, for example, when streamflow is less than 10 cubic feet per second, ground water contributes most of the water and chemicals in the stream. When streamflow is greater than 10 cubic feet per second, however, discharge of metolachlor, in particular, increases as runoff from agricultural fields increases ( fig. 25) (Ator and others, in press ).
The ecosystem of the Chesapeake Bay, the largest and one of the most ecologically diverse estuaries in the Nation, has been adversely affected by a combination of poor water quality and overharvesting of living resources, such as blue crabs and finfish (Phillips, 2001) . About 75 percent of the land area of the Delmarva Peninsula lies within the Chesapeake Bay watershed, and the NAWQA study on the peninsula is providing critical information for understanding water quality in the bay and for implementing strategies to restore the ecosystem.
collected in rivers and the Chesapeake Bay show that nutrient and pesticide compounds, including pesticide degradates, that are present in rivers are present at similar or slightly lower concentrations in the bay. Resource managers use this information to help target and implement actions to reduce the amount of contaminants entering the bay.
Delmarva Peninsula NAWQA study contributes to understanding of water quality in the Chesapeake Bay
The Chesapeake Bay is affected by eutrophication (high concentrations of nutrients, leading to blooms of algae and other plants) and hypoxia (areas with low dissolved-oxygen concentrations), resulting in fishkills and loss of other living resources. Decreased water clarity resulting from algal blooms and sediment input has caused a decline in submerged aquatic vegetation, which is critical habitat for shellfish and finfish and provides food for waterfowl. Fish health also is threatened by toxic contaminants entering the system from various land uses.
On the peninsula, nutrients such as nitrogen and phosphorus and pesticides from agricultural and other human sources affect downstream waters. These contaminants are transported to the bay through overland runoff, from point sources in urban areas, and in groundwater discharge. In fact, ground-water discharge may contribute more than one-half of the load of nitrate delivered to the bay (Bachman and others, 1998) . Hydrologists in the Delmarva Peninsula Study Unit coordinated with other USGS scientists working in the bay watershed to better quantify the time that elapses between ground-water recharge and discharge (ground-water residence times). Water-quality data Local differences in geology, topography, and soils affect the movement of pesticides to streams. Although pesticides are transported to streams from fields by both overland runoff and the ground-water system throughout the peninsula, each of these processes may be more or less important in different areas. In flat areas, such as the south-central part of the peninsula, overland runoff is rare, and pesticides are probably transported to streams primarily through the ground-water system. Topographic relief is generally greater in the northern part of the peninsula, and overland runoff during storms is probably more frequent. Pesticide compounds Herbicide concentrations in streams and ground water in agricultural areas on the Delmarva Peninsula are similar to those in other intensively farmed areas where corn and soybeans are grown
Herbicide concentrations in streams and shallow ground water in agricultural areas of the Delmarva Peninsula are similar to concentrations in the Upper Midwest and other heavily farmed areas of the Nation. Soils and shallow sediments in agricultural areas of the peninsula are typically sandy, permeable, and well weathered, and applied herbicides are apparently transported effectively to ground water and streams. Although herbicide application rates are higher in areas such as the Midwest, many of those areas contain relatively impermeable organic-rich soils that may more effectively retain applied herbicides. Established guidelines for the protection of aquatic life were occasionally exceeded for at least one compound in Chesterville Branch.
The occurrence of specific herbicides on the Delmarva Peninsula reflects local application rates and patterns as well as water solubility and local hydrologic, geologic, and soil conditions. Detection frequencies for atrazine in ground water of the peninsula were similar to those in other areas of the Nation, although atrazine was detected less frequently in Chesterville Branch and the upper Pocomoke River than in similar streams nationally. Metolachlor, on the other hand, was detected more frequently in surficial ground water in agricultural areas of the peninsula than in similar areas of the Nation and was measured at concentrations exceeding 0.1 µg/L in 39 of 40 samples collected from Chesterville Branch. Concentrations of metolachlor in the upper Pocomoke River were similar to those in other agricultural streams around the Nation. Metolachlor is the most heavily used herbicide on the peninsula. Moreover, metolachlor is used on both corn and soybeans, whereas atrazine is used only on corn. Volatile organic compounds (VOCs), such as components of fuels, lubricants, and solvents, are present in water from the surficial aquifer on the Delmarva Peninsula ( fig. 26 ). At least one VOC was detected in each sample collected from 30 publicsupply wells screened in the surficial aquifer in Delaware in 2000 (Ferrari, 2001) . Water from most wells contained multiple VOCs, including four wells in which more than 10 compounds were detected. Of the 85 different VOCs for which samples were analyzed, 34 were detected at least once. Measured concentrations were typically less than 1 µg/L, which is below existing Federal standards and guidelines for the protection of drinking water (U.S. Environmental Protection Agency, 2002a,b) . No standards and guidelines have been established, however, for 22 of the 34 compounds detected. The high frequency of VOC detection in the public-supply wells reflects the ready transport of organic chemicals through the sandy, permeable sediments of the surficial aquifer.
Herbicides in Shallow Ground
Chloroform was the most frequently detected VOC in publicsupply wells (28 of 30) ( fig. 26 ). Chloroform is used in some industrial and manufacturing processes, and it is commonly produced during the chlorination of drinking water or as a byproduct of the chlorination of wells to kill bacteria that may be introduced during drilling. The next most frequently detected VOC, tetrachloroethene, was detected in 20 of the public-supply wells. This chemical is used in some industrial and manufacturing processes as well as in dry cleaning. Methyl tert-butyl ether (MTBE), the third most frequently detected VOC, is widely used as an additive in reformulated gasoline to increase the octane level and reduce carbon monoxide emissions from vehicles; it was detected in 17 samples from public-supply wells on the Delmarva Peninsula.
Only nine different VOCs were detected in water from 16 of 28 wells completed in the part of the surficial aquifer used for domestic water supply (including domestic and monitoring wells). The lower number of VOCs in these wells compared to those detected in public-supply wells is expected because of fewer sources of VOCs in rural areas compared to urban areas ( fig. 26 ). Multiple VOCs were detected in eight of the wells, with a maximum of five different compounds detected in water from one well. Concentrations generally did not exceed 0.1 µg/L and were not above any existing Federal drinking-water standards and guidelines (U.S. Environmental Protection Agency, 2002b). As in public-supply wells, chloroform was the most frequently detected compound (14 of 28 wells). The detection frequency of chloroform (50 percent) in the part of the surficial aquifer used for domestic supply is higher than the national detection frequency (30 percent) for wells in other major aquifers sampled. The next most frequently detected VOCs in the part of the surficial aquifer used for domestic supply were 1,1-dichloroethane (a solvent) and carbon disulfide (which has numerous uses).
VOCs can reach ground water from various sources, including chemical manufacturing, industrial processes (solvents, degreasers, dry cleaning), gasoline or other petroleum-based fuels, byproducts of the chlorination of drinking water, or agricultural applications (used as either pesticides or solvents for pesticides).
Radon occurs in water throughout the surficial aquifer
Radon was detected in all 63 water samples from the surficial aquifer for which it was analyzed. Radon activity exceeded 300 pCi/L (picocuries per liter), the proposed Federal maximum contaminant level Figure 25 . Discharge of both metolachlor and metolachlor ESA increases with increasing streamflow in Chesterville Branch. These compounds are probably carried to the stream primarily through ground water when streamflow is less than 10 cubic feet per second. Additional quantities of these compounds are carried in surface runoff during higher flows. Ground water used for domestic supply Public-supply wells (U.S. Environmental Protection Agency, 2002a), in samples from 22 percent (6 of 27) of wells from the part of the surficial aquifer used for domestic supply but only in 1 of the 10 public-supply wells sampled for radon. Measured radon activities were as high as 1,520 pCi/L. Radon concentrations in water from the surficial aquifer on the Delmarva Peninsula are typical of those in other Coastal Plain aquifers, such as in Delaware (Bachman and Ferrari, 1995) , Maryland (Bolton and Hayes, 1999; Drummond, 2001) and New Jersey (Kozinski and others, 1995) and generally are lower than those in other unconsolidated or consolidated aquifers around the Nation (see Appendix, p. 30) .
Radon is a naturally occurring, colorless, odorless gas derived from the radioactive decay of uranium in rocks and soil. It has been identified as a carcinogen in humans, primarily as a cause of lung cancer. The source material for the sediments on the Delmarva Peninsula that contain uranium are rocks in adjacent areas of Pennsylvania, Virginia, and West Virginia (Lindsey and Ator, 1996) .
Dissolved iron is present in ground water in poorly drained areas High concentrations of dissolved iron are typical in poorly oxygenated ground water on the Delmarva Peninsula. Concentrations of dissolved iron were greater than 300 µg/L, the Secondary Maximum Contaminant Level for drinking water (U.S. Environmental Protection Agency, 2002a), in 24 percent of the water samples from shallow wells in agricultural areas, 31 percent of the samples from wells completed in the parts of the surficial aquifer used for domestic supply, and 17 percent of samples from public-supply wells in the surficial aquifer in Delaware. Concentrations of dissolved iron in all wells were generally below 100 µg/L in water with concentrations of dissolved oxygen greater than 1 mg/L (fig. 27 ). Although dissolved iron is not a humanhealth concern, it affects the taste of water and can stain water fixtures at high concentrations, making water treatment desirable for domestic and public water use.
Dissolved iron is derived principally from the dissolution of naturally occurring iron minerals that coat sand particles; it also may be derived from the oxidation of pyrite in sediments containing organic matter of marine origin. Reducing conditions that cause the mobility of dissolved iron are commonly present in water that recharges the surficial aquifer through poorly drained settings with fine-grained sediments, such as forested wetlands. Reducing conditions also occur near underlying confining beds where water from deeper aquifers is discharging upward and in parts of the surficial aquifer with shallow semiconfining beds.
The highest concentrations of dissolved iron in shallow ground water on the Delmarva Peninsula were found in the south-central part of the peninsula, near the Pocomoke River ( fig. 1) . In this area, the surficial aquifer is confined or semiconfined by fine-grained sediments with high organic-matter content that causes reducing conditions in shallow ground water. Concentrations of dissolved iron in stream water also are high in this area compared to those in well-drained watersheds. In some areas, concentrations of dissolved iron are so high in the ground water discharging to streams that iron-rich sedimentary rocks are formed in the streambeds (fig. 28) . Arsenic is common in ground water at low concentrations Arsenic was detected in about one-half of the wells sampled in the surficial aquifer in agricultural areas and in areas used for domestic supply. Concentrations generally were low, exceeding the standard of 10 µg/L (U.S. Environmental Protection Agency, 2002b) in only one shallow agricultural well in the coastal lowlands along the western shore of the peninsula. The major natural sources of arsenic in surficial-aquifer sediments are buried organic matter and associated iron minerals of marine origin. Poultry manure applied to agricultural fields is another potential source of arsenic in shallow ground water and surface water on the Delmarva Peninsula. (See inset on next page.)
Arsenic is detected primarily as a dissolved ion under reducing conditions in ground water, conditions that typically also promote high concentrations of dissolved iron. These conditions exist in the south-central part of the peninsula near the Pocomoke River watershed. In this area, arsenic is detected in confined and semiconfined parts of the surficial aquifer where recharging ground water has passed through organic-rich marine sediments. The arsenic in this part of the surficial aquifer is believed to be primarily from natural sources in the overlying sediments.
Although arsenic occurs naturally, it is a widespread environmental contaminant and a growing concern in drinkingwater supplies. The American Cancer
Additional Information
For more information on water quality in the surficial aquifer of the Delmarva Peninsula go to URL http://md.water.usgs.gov/ delmarva/.
Organic arsenic feed additives are used in poultry production for increasing weight gain, improving feed efficiency and pigmentation, and controlling bacterial and parasitic disease (U.S. Food and Drug Administration, 2000) . Organic arsenic compounds, such as Roxarsone (3-nitro-4-hydroxyphenylarsonic acid), do not accumulate in poultry tissue or feathers (Aschbacher and Feil, 1991) but instead are rapidly excreted, resulting in elevated concentrations of arsenic in manure (Morrison, 1969) . Poultry manure applied to agricultural fields introduces arsenic into the environment and may result in increased amounts of arsenic in stream water and ground water and uptake by plants.
Results of a reconnaissance investigation in the Pocomoke River Basin ( fig. 1 ) in an area with land Society recently recognized that arsenic causes cancer of the liver, lung, and skin (Heath and Fontham, 2001) . In 1975, the U.S. Environmental Protection Agency established the maximum contaminant level for arsenic at 50 µg/L in drinking water; in 2001, the standard was lowered to 10 µg/L (U.S. Environmental Protection Agency, 2000), which also is the current provisional guide used by the World Health Organization (World Health Organization, 1999) . Arsenic also is toxic to fish and many aquatic organisms (Canadian Council of Ministers of the Environment, 2002) Reconnaissance for Arsenic in a Poultry-Dominated Basin on the Delmarva Peninsula Land application of poultry waste organic arsenic compounds may release arsenic into the environment and may result in increased arsenic in surface water and ground water and increased uptake by plants and aquatic organisms.
and, if present in soil water, it may be taken up by plants-rendering them unsuitable for human or animal consumption (Marin and others, 1993; Krishnamurti and Naidu, 2002) . application of poultry manure indicate that some of the arsenic applied to agricultural fields is released into the environment on the Delmarva Peninsula. Highest concentrations of arsenic were measured in fresh manure; aged manure and soils contained lower concentrations because arsenical feed additives, such as Roxarsone, leach rapidly from the manure into water and are transformed into inorganic forms during composting (Garbarino and others, 2003) .
Arsenic concentrations were elevated above background levels (1-2 µg/L) in stormwater runoff, soil pore water, and some samples of shallow ground water beneath agricultural fields (see table, this page). Concentrations were near background levels in most stream-water and groundwater samples from the Delmarva Peninsula (Welch and others, 2000 ; Canadian Council of Ministers of the Environment, 2002). Arsenic was detected in water samples from the deeper aquifer, which is used for domestic supplies in this area, at concentrations less than the current Federal drinking-water standard of 10 µg/L (U.S. Environmental Protection Agency, 2000) . Because the deeper aquifer is confined in this area, the arsenic present is believed to be from natural sediment sources.
Solid material
Fresh poultry manure 27 Aged poultry manure 1.0 to 2.0 Soil 1.0 to 2.0 Streambed sediment 0.3 to 17
Ground water Total dissolved arsenic (µg/L)
Deeper ground water Less than 1.0 to 7.6 Shallow ground water Less than 0.1 to 23 Pore water, shallow core in agricultural field 6.8 to 29 
Study Unit Design
Water quality in the surficial (unconfined) aquifer system and the streams that receive most of their base flow from shallow ground-water discharge was the main focus of this study. The current Delmarva Peninsula study was a continuation of a pilot NAWQA project conducted during 1987-91. Some of the pilot project's ground-water networks were resampled for this project as part of the study of trends in groundwater quality. The effects of agriculture on water quality was targeted for study because agriculture is the predominant land use on the Delmarva Peninsula. Results from this study are compared to those in other agricultural areas around the Nation.
Stream Chemistry
Two basic fixed sites in watersheds with predominantly agricultural land use, but in different hydrogeologic settings, were sampled frequently to determine the occurrence and seasonal variability of nutrients and pesticides in surface water.
Ground-Water Chemistry
An aquifer survey was done to assess overall water quality in the part of the aquifer that is used as a source the two basic fixed sites in collaboration with a study of fish health being done as part of the USGS Chesapeake Bay studies. A synoptic study of water chemistry during low streamflow in small watersheds draining mixed land uses was done in collaboration with the U.S. Environmental Protection Agency. Stream sites for this study were selected by means of an unequal probability design. With this design, chemical results from the 23 headwater streams sampled on the Delmarva Peninsula were used to provide an unbiased estimate of regional stream conditions (Ator and others, 2003) .
for domestic drinking water. A land-use effects study in agricultural settings was done in the shallow part of the surficial aquifer underlying areas of agricultural land use. Public-supply wells screened in the surficial aquifer were sampled as part of a collaborative source-water assessment project with the State of Delaware. The apparent age of ground water increased as well depth increased in these three networks. Four agricultural flow-path studies examined the transport and fate of nutrients in water of the surficial aquifer on a local scale.
Special Studies
A reconnaissance of arsenic in ground water, stream water, streambed sediment, soil, and aquifer material was done in the watershed upstream from the Pocomoke River fixed site. Pesticide concentrations were measured in estuarine waters downstream from Ground water in agricultural areas Ground water used for domestic supply Ground water used for public supply Pesticides, pesticide degradates, nutrients, major ions, trace metals, radionuclides, bacteria, specific conductance, turbidity, pH, and dissolved oxygen; to describe water chemistry in the surficial unconfined aquifer on the peninsula.
Monitoring (16) or domestic (13) wells, selected using a random approach (Scott, 1990 Aquifer surveyDelaware Pesticides, pesticide degradates, volatile organic compounds, nutrients, major ions, radium, radon, specific conductance, turbidity, pH, and dissolved oxygen; to describe water chemistry in the surficial unconfined aquifer where used for public supply in Delaware.
Public drinking-water supply wells (sample collected prior to any treatment) in surficial aquifer in Delaware, selected using a random approach (Scott, 1990) . Median well depth, 80 ft.
30
Once, in 2000
Land-use effectsagriculture (shallow wells underlying agriculture)
Pesticides, pesticide degradates, nutrients, major ions, specific conductance, turbidity, pH, and dissolved oxygen; to describe water chemistry in the surficial unconfined aquifer in agricultural areas of the peninsula.
Shallow monitoring (27) and domestic (2) wells, located in areas with agricultural land using a random approach (Scott, 1990 Small, first-order streams, randomly selected to represent various land uses (Pitchford and others, 2000; Ator and others, 2003) .
23
Once, spring 2000, during base-flow conditions
